The principal sequence feature responsible for intrinsic DNA curvature is generally assumed to be runs of adenines. However, according to the wedge model of DNA curvature, each dinucleotide step is associated with a characteristic deflection of the local helix axis. Thus, an important test of a more general view of sequence-dependent DNA curvature is whether sequence elements other than A-A cause the DNA axis to deflect. To address this question, we have applied the wedge model to a large body of experimental data. The axial path of DNA can be described at each step by three Eulerian angles: the helical twist, the deflection angle (wedge angle), and the direction of the deflection. Circularization and gel electrophoretic mobility data on 54 synthetic DNA fragments, both from other laboratories and from our own, were used to compare the theoretical predictions of the wedge model with experiment. By minimizing misfit between calculated and observed DNA curvature, we have found that the stacks AG/CT, CG/CG, GA/TC, and GC/GC, in addition to AA/TT, have large wedge values. We have also synthesized seven sequences without AA/TT elements but with these other wedges correctly phased to cause appreciable predicted curvature. All appear curved as demonstrated by anomalous gel mobilities. The full set of 16 roll and tilt wedge angles is estimated and, together with the known 10 helical twists, these allow prediction of the general sequence-dependent trajectory of the DNA axis.
AG/CT, CG/CG, GA/TC, and GC/GC, in addition to AA/TT, have large wedge values. We have also synthesized seven sequences without AA/TT elements but with these other wedges correctly phased to cause appreciable predicted curvature. All appear curved as demonstrated by anomalous gel mobilities. The full set of 16 roll and tilt wedge angles is estimated and, together with the known 10 helical twists, these allow prediction of the general sequence-dependent trajectory of the DNA axis.
Intrinsic DNA curvature (reviewed in refs. [1] [2] [3] [4] , as reflected in anomalous electrophoretic mobility (5) and the capacity to form very small circles (6) , is a phenomenon that is generally believed to be a function of periodically repeating A-A dinucleotides (5, 7) . DNA fragments known to exhibit large electrophoretic anomalies in polyacrylamide gels have A-A dinucleotides in the form of repeated runs of four to six adenines alternating with mixed sequences (5, 6, (8) (9) (10) (11) ). The simplest model of DNA curvature, the junction model, describes global curvature as the result of a deflection at each junction between the axes of the normal B-DNA and the B'-DNA of the A0/T0 stretches (11, 12) . The deflection is proposed to be caused by the difference in the inclination of base pairs in these two helical forms and is localized at the junctions of the two averaged helical axes.
In addition to runs of adenines, however, there are other sequence elements that may also cause deflection of the helical axis. These may be either isolated A-A dinucleotides (13) (14) (15) or other dinucleotides (16) (17) (18) . Thus, a complete description of DNA curvature must be in terms of a more general model in which every base pair step is associated with some deflection of the DNA axis. The wedge model accounts for the three-dimensional trajectory of DNA as the vectorial sum of all dinucleotide wedge deflections along the length of the molecule (7, 19) .
The simplest form of the wedge model is one in which neighboring base-pair stacks are geometrically independent. In this model, the DNA axis deflections are described by 16 wedge angles, each comprised of roll and tilt components, for the stacks AA/TT, AC/GT, AG/CT, CA/TG, CC/GG, and GA/TC (six rolls and six tilts) and the self-complementary stacks AT/AT, CG/CG, GC/GC, and TA/TA (four rolls). The experimental estimation of these 16 angles is a formidable task requiring a very large amount of experimental data. If it is assumed that the A-A wedge (roll and tilt combined) makes the only significant contribution to DNA curvature, its magnitude may be estimated to be 70 to 110, based on the circularization of synthetic DNA fragments (6) . From the gel migration anomalies of two DNA sequences with A-A and T-T elements in different orientation (20) , values for the roll and tilt components of the A-A wedge have been estimated (21) . Any number of experiments (equations) may always be approximately satisfied by one or another sufficiently large set of angles (22) (23) (24) (25) . However, a realistic solution must fit experimental data closely, such that the dispersion of each predicted wedge angle is no larger than 1 SD.
Absolute values for DNA curvature can be obtained from several ring-closure experiments with different repeating sequences (6, (26) (27) (28) . In addition, a large number of independent measurements of the gel electrophoretic mobility of synthetic DNA fragments with various periodic sequences is available today, all obtained under virtually identical experimental conditions (10, 11, 18, 20, (29) (30) (31) Experimental and calculated data are presented for circles 1 (6), 2 (26), and 3 (28) Table 1 . To minimize effects of nonplanarity, only fragments with sequence repeats close to multiples of the DNA helical pitch (10.5 bases) are taken-i.e., sequence repeats of 21 and 31 bases. A few straight 10-and 11-base-repeat fragments are included in our data set as well. The ring-closure data for three minicircles with small contour lengths are also incorporated into the system (6, 26, 28) .
Since the solution conditions for DNA circularization are not identical to the conditions for electrophoresis, DNA curvature and thus experimentally measured wedge angles may not be the same for the different ionic environments. In the calculations below, it is arbitrarily assumed (see, however, ref. 32) that the difference is proportional; i.e., the angles of one set are equal to those of another set multiplied by some unknown factor common to all of the angles. The only purpose of introducing the few ring-closure experiments into the system is to provide a degree of absolute calibration through these values for the wedge angles. The Computation of Wedge Angles. Taking a base pair as a rigid body, its position in space relative to either nearest neighbor can be described as a combination of a rotation and a translation. A rotation can be expressed in terms of three independent angles: (i) rotation by half of the helical twist fl/2 about the axis z; (ii) rotation by the wedge angle a about the line in the x-y plane perpendicular to the direction of the DNA axis deflection, when the direction angle 8 is measured from the new position of the axis x'; and (iii) rotation by half of the helical twist fl/2 about the new position of the axis z' (A.B. and E.N.T., unpublished work). The angles fQ, or, and 8 are analogous to Eulerian angles. An important property of these angles is that, for complementary dinucleotides, the direction angle 8 changes its sign, while for self-complementary ones, it is equal either to zero or to 1800. Wedge roll and wedge tilt are expressed as a product of wedge angle value and cosine or minus sine of the direction angle, respectively, in accordance with the Cambridge convention (34) .
The total number of unknowns to calculate is 19: 16 wedge angles and three parameters, A, B, and C, which define a "calibration" curve of RL value versus DNA curvature, assumed to be parabolic (3, 11, 13, 21) . The actual calculation is done as follows. A product matrix A is defined as n-i A(W, o, 8) = HI T(flj\2) x M(oj, 8y) x T(fj/2), [11 j=1 where T is the twist rotation (see i and iii above) and M is a "middle rotation" as defined in ii above. The values of fl1, cjr, and Sj are defined for thejth dinucleotide in the sequence of length n and the product is carried out over the entire sequence. A total deflection angle is defined as the angle between the vectors normal to the mean planes of base pairs fragments with repeat lengths of 10 or 11 base pairs are included, since the repeat length in the case of straight fragments is of no importance. Fragments 7 and 54 were excluded from the final system of equations (see Discussion).
Biochemistry: Bolshoy et al. total deflection angle = arccos(a33), [2] where (a33) Since RL is an exponential function of the parameter C and the total deflection angle is a complex trigonometric function of the wedge angles, this becomes a problem in nonlinear parameter estimation (35) . To find the minimum of the total misfit, we used a modified Gauss-Newton gradient descent method (35, 36) . This method is extremely sensitive to initial guess of parameters and generally does not converge close to a global minimum from arbitrary initial values. In our calculations, the initial values of A and C were taken equal to 1 and 2, respectively, and the initial value of B was estimated by assuming roll and tilt angles of A-A as in ref. 21 . This also sets the directions (signs) of all the wedge angles relative to established signs for A-A components. Initially, the choice of wedge angles other than A-A was more or less arbitrary. The arbitrary initial guesses 'of the remaining wedge angles resulted in many solutions; however, all were indistinguishable within one standard deviation. After many cycles of computation and readjustment of these values, the system converged to a consistent global minimum in average misfit. The misfit surface became smooth after the calibration parameters A, B, and C were averaged around this' consistent minimum and fixed, leading to a unique global minimum. Final refinements were then made by consecutive small readjustments of the calibration curve parameters followed by descents along the gradient until the smallest average misfit value was attained.
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RESULTS
The first round of calculations included all experiments with fragments containing A-A dinucleotides and control straight fragments (Table 1, circles 1-3 and fragments 4-47) . The best fit solution for this partial system of equations is shown in Table 2 , which indicates that the dinucleotide elements AG/CT, CG/CG, GA/TC, and GC/GC possess appreciable wedge angles. To challenge the solution, additional curved DNA fragments were designed, which contain these elements but lack AA/TT stacks ( Table 1 , repeat units 48-54). These DNA fragments, indeed, are found to exhibit appreciable sequence-directed curvature as reflected in their gel migration anomalies. Circularization experiments also confirm that the fragments are, in fact, curved (P.M. and R.E.H., unpublished work). The solution for the complete system, including the anomaly data from the six sequences without A-A, is shown in Table 3 . It is not significantly different from the original solution. This demonstrates both the stability of the system of equations and the uniqueness of the solution. Hence, the wedge angles for AG/CT, CG/CG, GA/TC, and GC/GC are verified.
The calibration curve, RL value versus curvature, is presented in Fig. 1 . The average misfit value for the entire system (excluding fragments 7 and 54, which do not fit the pattern of the remaining 52 fragments well, probably for the reasons discussed below) is equal to 0.99. The expected range for a normal distribution is 1.0 ± 0.1, estimated (35) for the system of 52 equations.
DISCUSSION
The solution given in Table 3 has good predictive power and correctly describes gel electrophoretic mobility anomalies of DNA molecules of any given sequence. This includes se- (34) . Computational error bars are estimated from second partial derivatives (35) and indicated in parentheses, for wedge rolls and tilts only. The system included circles 1-3 and fragments 4-6 and 8-47 (Table 1) . Average misfit value for the system is 0.86 SD.
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